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INTRODUCTION
High linear energy transfer (LET) heavy-ion beams, such as carbon ion (C) beams, have physical and biological advantages that may improve the effectiveness of radiotherapy in radioresistant tumors. [1] [2] [3] [4] Among many cancer sites, brain tumors are one of the important targets for heavy-ion radiotherapy. 5) Many studies have shown that high LET radiations have a cytotoxic effect that is two to three times higher than that of low LET radiation, such as X-rays or gamma-rays. [6] [7] [8] [9] Thus, C-beam therapy should be considered as having a therapeutic advantage over conventional photon therapy. Radiation-weighting factors quantified as the relative biological effectiveness (RBE) for various tissues and endpoints are generally available from laboratory experiments, and could in principle be used with caution for clinical applications. In previous studies, RBE values calculated for Cbeams using apoptosis as an endpoint have ranged from 1.1 to 1.8 in normal mammalian cultured cells. [10] [11] [12] In the nervous system, C-beam RBE values obtained using the apoptosis endpoint have ranged from 2.5 to 10.2 in in vitro studies. 13, 14) However, the RBE of C-beams in normal brain tissue has not been fully investigated in an in vivo system.
Many studies have been performed using a organotypic brain culture system. 15, 16) Use of this culture system allows the avoidance of several sources of artifacts and misinterpretations. It also offers a number of advantages over animal experiments such as open access for reproducible treatment with drugs or exposure to radiation, and the possibility of performing live imaging to visualize cellular events such as migration or cell death. 17, 18) We have initiated a systematic study of the biological effectiveness of radiation using an established rat organotypic slice culture model system as a new model. The major his-togenetic effects of radiation on the rat brain, especially the cerebellum, take place in the early postnatal days. It has been reported that low LET radiation induces the morphogenesis of abnormalities in foliation, ectopic Purkinje cells and ectopic granule cells (GCs) in the cerebellum of rats and mice. [19] [20] [21] Therefore, the purpose of the present study was to evaluate the RBE of C-beams in normal developing rat cerebellum using organotypic slice culture with histological abnormalities as the endpoints.
MATERIALS AND METHODS

Preparation of organotypic slice culture
Cerebella were dissected from 10-day-old Wistar rats (Japan SLC, Hamamatsu, Japan). The cerebellum was developing and the GCs were migrating inwards to form the internal granule cell layer (IGL). Hence, the laminar pattern remained in the external granule cell layer (EGL) subpially and was formed from the four principal layers of the cerebellar cortex (EGL, molecular layer, Purkinje layer and IGL).
The vermes of the cerebella were cut parasagittally into approximately 600-μm-thick slices using a microslicer (DTK-1000; Dosaka-EM, Kyoto, Japan) and separated in Hank's balanced salt solution (Invitrogen Life Technologies, Carlsbad, CA, USA). The slices were then cultured for 1 day before use onto Millicell-CM membranes (Millipore, Billerica, MA, USA) at the interface between air and culture medium (Fig. 1) .
16) The cultures were incubated at 32°C in 5% CO2/95% air. Half of the volume of the medium was replaced with fresh medium every 3 days. Such slices show very similar microarchitecture, mitotic activity and differentiation patterns to the corresponding tissue in vivo.
15) The organotypic slice culture systems have allowed a high degree of experimental reproducibility because these slices were kept under normal conditions for 1 week after culture. All experiments were carried out according to the guidelines of the Animal Care and Experimentation Committee of Gunma University, Showa Campus.
Irradiation
Exposure to C-beams (18.3 MeV/amu, 108 keV/μm) was performed at room temperature on the AVF cyclotron of TIARA (Takasaki Ion Accelerators for Advanced Radiation Applications) at the Japan Atomic Energy Agency. Exposure to X-rays was performed at room temperature with an MBR-1505R (Hitachi Co. Ltd., Tokyo, Japan) operating at 140 kV, 4.5 mA with a 0.5 mm Al filter. The dose rate at a distance of 30 cm was 92.89 cGy/min. The slices mounted on Millicell-CM membranes were irradiated through 8-μm-thick Kapton polymidine films. Control slices were sham-irradiated and handled in parallel with the test slices.
Histology and immunofluorescence
After irradiation, the slices were put into an incubator and fixed overnight at 4°C in 4% paraformaldehyde at 1, 3, 6, 12 and 24 h. Fixed slices were dehydrated, embedded in paraffin and cut sagittally at 4 μm or 10 μm. These slices were used for staining.
Slices with hematoxylin and eosin staining were used for disorganization analysis. The TdT-mediated dUTP-biotin nick-end labeling (TUNEL) assay was performed using the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Chemicon International, Temecula, CA, USA), according to the manufacturer's instructions. The DNA fragments were labeled with fluorescein nucleotides. Cells were observed using an Olympus BX60 microscope (Olympus Co., Tokyo, Japan), and the TUNEL index was defined as the number of TUNEL-positive cells divided by the total number of 4',6-diamidino-2-phenylindole-positive nuclei per microscopic field. To obtain the mean value in each slide, scoring was performed in three randomly chosen fields.
EGL disorganization data analysis
To quantitatively evaluate the rate of EGL disorganization, the disorganization index (DI) was estimated as follows:
DI [%] = thickness of EGL/(thickness of EGL + thickness of ML) × 100
where the thickness of the EGL was estimated by measuring the distance from the surface to the border between the EGL and the molecular layer (ML). The thickness of the ML was estimated by measuring the distance from the front of the Purkinje cell soma to the border between the EGL and ML ( Data were measured by two people who were blind to the experiment protocol, and the mean was adopted. The image analysis was performed using MetaMorph software (Universal Imaging, West Chester, PA, USA).
Statistical analyses
RBE values were calculated by simple regression analysis as the ratio of the slope of each linear line. Data are expressed as the mean ± standard error of the mean. Statistical comparisons were performed using the unpaired t-test or one-way analysis of variance (Fisher's PLSD test for post hoc comparison). p < 0.05 represented a statistically significant difference.
RESULTS
To clarify the RBE of C-beams for acute effects on the developing cerebellum, we evaluated disorganization of the laminar structure (Fig. 2 ) and cell death (Fig. 3) in the EGL using the rat cerebellar organotypic slice culture system.
Morphological changes in the cerebellum induced by irradiation
In slices irradiated with C-beams enlargement of the EGL was observed in the laminar structure of the cerebellar cortex (Fig. 2 ). There were dose-and time-dependent effects for up to 12 h after irradiation (Fig. 2B, left) . The slices showed significantly increased DR to 1.32 ± 0.06 (n = 6, p < 0.01) and 1.55 ± 0.11 (n = 6, p < 0.001) at 12 h after exposure to C-beams at doses of 10 and 20 Gy, respectively. In contrast, in non-irradiated slices and slices irradiated with the C-beam at a dose of 5 Gy, the DR was not significantly changed (Fig.  2B, left) .
The enlargement of the EGL was induced at 6 h after exposure to X-rays at a dose of 20 Gy (Fig. 2A, right) . The DR was significantly increased to 1.38 ± 0.04 (n = 3, p < 0.05, Fig. 2B , right) at 12 h after exposure to X-rays at 20 Gy. In non-irradiated slices and slices irradiated with Xrays at doses of 5 and 10 Gy, there was a non-significant increase in the DR to 1.06 ± 0.06 (n = 4, p = 0.81), 1.05 ± 0.06 (n = 4, p = 0.66) and 1.20 ± 0.09 (n = 4, p = 0.21), respectively, at 12 h after exposure (Fig. 2B, right) .
RBE for DR of EGL
In the EGL, the RBE of the C-beams was obtained by comparing the DR values obtained using C-beams and Xrays. The data were analyzed using a linear regression equation with the absorbed dose on the X-axis and the DR at 12 h after irradiation on the Y-axis (Fig. 2C) . The slope and intercept of the regression line obtained from the C-beam data were 0.03 and 1.01 (r 2 = 0.93), respectively; those for X-rays were 0.02 and 1.02 (r 2 = 0.92), respectively. The RBE of the C-beams obtained by comparing the slopes of the regression lines for C-beams and X-rays was 1.5. 
Cell death of external granule cells (EGCs) induced by irradiation
Cell death was apparent in the EGL of the cerebellar cortex within 24 h after exposure to C-beams or X-rays (Fig.  3) . GCs in the proliferative zone of the EGL showed apoptotic-like changes (cell shrinkage and chromatin condensation) and were TUNEL-positive at 6 h after exposure to C-beams at a dose of 5 Gy (data not shown). In slices exposed to C-beams at doses of 10 and 20 Gy, these changes appeared at 3 h and the TUNEL index was significantly increased to 28.1 ± 7.2% (n = 3, p < 0.05) and 52.7 ± 2.1% (n = 3, p < 0.001), respectively. On the other hand, in slices exposed to C-beams at a dose of 5 Gy, significant changes of the TUNEL index were not detected (Fig. 3B, left) . Dead cells occupied half of the area of the EGL at 12 h after exposure to C-beams (Fig. 3A, middle) . The TUNEL index was significantly increased to 56.5 ± 4.1% (n = 3, p < 0.01) after 10 Gy and to 60.4 ± 4.5% (n = 3, p < 0.01) after 20 Gy at 12 h after exposure to C-beams in irradiated slices. In comparison the TUNEL index was 18.9 ± 3.4% in non-irradiated slices (n = 3, Fig. 3B, left) . Almost the entire area of the EGL was occupied by TUNEL-positive cells at 24 h after exposure to C-beams (data not shown).
In X-ray-irradiated slices, apoptotic-like changes in cells and TUNEL-positive cells were seen in the proliferative zone of the EGL at 3 h after exposure to X-rays at a dose of 20 Gy. Similarly, these changes were observed in slices at 12 h after exposure to X-rays at doses of 5 and 10 Gy (Fig.  3A, right) . At 12 h after exposure to X-rays at a dose of 20 Gy the TUNEL index was significantly higher (p < 0.01) in irradiated slices than in non-irradiated slices at 51.8 ± 13.8% (n = 3) and 18.9 ± 3.4% (n = 3), respectively (Fig.  3B, right) . Dead cells occupied half of the area of the EGL at 12 h and almost the entire area of the EGL at 24 h after exposure to X-rays (data not shown). The staining patterns of X-ray-irradiated slices were similar to those of C-beamirradiated slices, although the time of occurrence was different.
RBE for TUNEL index of EGCs
The relationship between dose and effect was analyzed using linear regression, with the absorbed dose on the X-axis and the TUNEL index of the EGCs on the Y-axis (Fig. 3C) . The slope and intercept of the regression line obtained at 12 h after exposure to C-beams were 2.2 and 21.7 (r 2 = 0.83), respectively; those for X-rays were 1.6 and 17.5 (r 2 = 0.97), respectively. The RBE of C-beams obtained by comparing the slopes of the regression lines for the C-beams and X-rays was 1.4.
DISCUSSION
We showed that C-beams and X-rays caused EGL disorganization in a dose-and time-dependent manner. Our results demonstrated an increase in the thickness of the EGL, in contrast to a previous in vivo study that reported a reduction in the thickness of the EGL after irradiation. 22, 23) Microglia are a type of glial cell that function as the resident macrophages of the brain, and thus act as the first and main form of active immune defense in the central nervous system (CNS). Microglia are constantly scavenging the CNS for damaged neurons. 24, 25) In the present study, the slices of cerebellum were observed until 24 h after irradiation. It has been reported that accumulation of microglia around neurons was observed several days after damage to the neurons. 26) One of the reasons for EGL enlargement might be that GCs were not engulfed by microglia until 24 h after irradiation.
Because the developing cerebellum is highly immature (most GCs are in the neuroblast state), it is highly radiosensitive. EGCs are particularly radiosensitive. It is known that EGCs proliferate in the proliferative zone (subpial regions) of the EGL during maturation. Irradiation has been reported to be more detrimental to immature cells undergoing mitosis. [27] [28] [29] In the present study, TUNEL-positive cells were first seen in the proliferative zone. These findings indicate that GCs in the proliferative zone were more radiosensitive in the EGL of the immature brain. In addition, apoptotic changes were induced more effectively and earlier by Cbeams than by X-rays in our study. Previous reports have suggested that the induction of apoptosis is more effective and occurs earlier after exposure to high-LET radiation as compared with low-LET radiation. 30) Takahashi et al. reported histological changes in the rat brain after irradiation with C-beams. 31) Necrotic tissue damage, hemorrhage and vasodilatation occurred only after exposure to C-beams at a dose of 50 Gy, but necrotic changes induced by C-beams occurred earlier than those induced by gamma-rays at the same doses. [31] [32] [33] One of the possible reasons for this difference may be the different RBEs between the C-beams and X-rays.
The present study demonstrated the different biological effects that occurred after exposure to C-beams or X-rays in the normal cerebellum of infant rats. The histologically identifiable effect of irradiation was EGL disorganization in the slices of cerebellum. To quantitatively evaluate the rate of EGL disorganization, the DI and the DR were estimated. Estimation of the RBE using the DR might be an appropriate method. This is due to the fact that the RBE was the same using both the DR and TUNEL index endpoints. Although the morphological pattern of EGL disorganization and the level of EGC death after exposure to C-beams was similar to those after exposure to X-rays, the magnitude of the effects observed after C-beam irradiation was 1.4-1.5 times greater than those seen after the same dose of X-rays. We previously reported that the RBE values of C-beams using apoptosis in vitro as an endpoint were 2.5-2.9 in two different chick neuronal tissues, dorsal root ganglion and sympathetic ganglion chain 13) and that the RBE was 10.2 in rat hippocampal neurons. 14) These RBE values were different from those obtained in the present study because of differences in the animal species and the in vitro system.
Only a few reports have described the biological effects of heavy particles on the normal function of the brain of mammals in vivo. Inouye et al. reported that the RBE values of C-beams using cell death as an endpoint were 1.3-1.7 in the developing rat cerebellum. 34) Karger et al. calculated the RBEs of C-beams in a rat brain model using tolerance radiation doses that changed the magnetic resonance imaging (MRI) signal, and they were 1.95 ± 0.20 and 1.88 ± 0.18 for T1-and T2-weighted MRIs, respectively. 35) These RBE values were in good agreement with those calculated in our study. These findings suggest that it is possible to estimate in vivo-like changes using the organotypic slice culture system even though it is an in vitro system.
In the development of the normal cerebellum, changes to the laminar organization of the cerebellar cortex after birth result from the proliferation, differentiation and movement of microneurons (mainly GCs). GCs migrate from the EGL toward the IGL. In the development of the rat cerebellum, the thickness of the EGL peaks at postnatal day 6-7 following the proliferation of GCs, and regresses during the third week following the movement of GCs. The EGL disappears at around postnatal day 21. 36, 37) In the present study, both C-beams and X-rays may have induced EGL disorganization as a result of abnormalities in the migration of EGCs. The RBE values of C-beams using the DR endpoint were consistent with those using the TUNEL index endpoint. In addition, patterns of time-and dose-dependence of cell death were similar to patterns of the DR. These results suggested that cell death in the EGCs was related to the disorganization of the EGL structure after irradiation. One of the reasons for abnormalities in migration of EGGs may be radiation induced EGC cell death.
These data suggest that an organotypic slice culture system is a good tool with which to evaluate RBE values, especially using endpoints that involve physiological phenomena (e.g., migration and cell death) in the brain.
